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Motivations

Heavy ion driven inertial fusion

And High Energy Density Physics
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An inertial fusion power plant has several parts

1. Driver 2. Targets (and a factory
to produce about 5 per second)(accelerator or laser) 

to heat and compress
the target to ignition

Many 
beams

3. Focusing                 
system

4. Fusion chamber to recover 
the fusion energy pulses from 
the target

5. Steam plant to convert 
fusion heat into electricity
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Target design is a variation of the

distributed radiator target (DRT)

Foot pulse

beams
(40% of energy)

Main pulse beams

at maximum angle

New design allows beams to come in from larger angle, ~ 24° off axis.

Yield = 400 MJ, Gain = 57 at Edriver = 7 MJ

Cryogenic DT fuel capsule

has robust 2-D

hydrostability (requires less

convergence ratio, peak

density, and ablator/ice

smoothness than NIF)
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Chamber walls are protected from
neutron damage by thick liquid jets

160-beam HYLIFE-II chamber cutaway: Focus magnets (in green)

Molten-salt-FLiBe jets (in light blue)

Chamber is designed for 30 yr lifetime.

2.5 GeV Xenon beams

(yellow) focus to 2 mm

radius spots with 6

meter focal length
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Current research on thick-liquid
protected chambers

Highly smooth
cylindrical jets

Slab jet arrays
with disruptions

UCB facility studies 
Flow conditions approach correct Reynolds

and Weber numbers for HYLIFE-II

UCB
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ROB 2/14-15/2002

Heavier ions ==> higher voltage
 ==> lower current beams

• Collective effects are reduced with heaviest ions

• More energy/particle ==> fewer particles  (~1015 total ions).

• Cost tradeoff: lower mass ions ==> lower voltage ==> lower cost

• Compromise with 2.5 GeV Xenon.

• SC magnets can confine beam against its space charge during acceleration.
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Current range of

HIF designs
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An example of a driver
with not-so-heavy ions
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Multiple

Ion 

Source/ 

Injectors

Multiple-Beam Acceleration Drift compression

Bending Final

focusing

Chamber

transport

Target

Input

6.4 MJ

Yield

350 MJ

Common

Induction Cores 24,000 tons

2 km 400 m

2.5 GeV 112-beam fusion driver:
6.4 MJ of Xe+1

24,000 tonne induction cores

$720M hardware, $1 B direct, $2.1 B total capital cost
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Beam requirements for HIF

Representative set of parameters for indirect-drive targets

500 Terawatts of beam power

beam pulse length ~ 10 ns

range 0.02 - 0.2 g/cm2

focus such a large beam to a spot of ~1-5 mm radius

desired focal length ~6 m  (maximum chamber size

Basic requirements ==> certain design choices

parallel acceleration of multiple beams

acceleration of needed charge in a single beam is uneconomical

emittance required to focus single large beam extremely difficult
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Warm-dense-matter regime of high energy density

physics to be potentially driven by ion beams

(material from Dick Lee, LLNL/UCB)

1) Not described as normal condensed matter.

2) Not described by weak coupling theory.
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Heat solid-density plasma layers isochorically with

nsec ion pulses for equation-of-state measurements

Fast heating of a solid with

penetrating ions (dE/dx vs x fairly

flat below the Bragg peak) lower

gradients  more accurate EOS

XFEL heating uniform but small

volumes (10’s of millijoules)

MJ of soft-x-rays available

on Z but limited uniformity

and limited number of shots

Lasers absorb at critical density

<< solid density  large density/

pressure gradients

• Ion heated thin foils Ion beam

• 100TW lasers create 10-50 mJ of ions for picoseconds  small volumes for diagnostics

• GSI-SIS-100 plans 10-40 kJ of ions @100GeV,100 ns  large volumes but limited T < few eV
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Accelerator technology
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Wiederoe’s Ray Transformer for electrons

 From Wiederoe’s notebooks (1923-’28)

He was dissuaded by his professor

from building the ray transformer due 

to worries about beam-gas scattering

Let that be a lesson to you!
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Transformer basics

Ip

Is

Vp

Vs
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The ray transformer realized as the

Betatron (D. Kerst, 1940)

Bs

R

The beam acts as a 1-turn secondary winding of the transformer

Magnetic field energy is transferred directly to the electrons

For the orbit size to remain invariant

˙  = 2 R2 ˙ B s
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Donald Kerst’s betatrons

Kerst originally used the phrase, Induction Accelerator



US Particle Accelerator School

The Linear Betatron:

Linear Induction Accelerator

E
C

dl =
t

B
S

 ds
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Linear induction accelerators & fusion

Astron-I Induction linac (1963)

& the Astron CTR experiment
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Principle of inductive isolation

Ib

Ib

Ib

IL

IL
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Properties of inductive geometry

1. Leakage inductance: L = ( /2 ) ln(Ro/Ri)

a) iL = (Vo/L)t

2. Ferromagnetic core reduces the leakage current and slows

the speed of the shorting wave until the core saturates

3. Load current does not encircle the core

a) Pulse drive properties not core properties limit Ib

4. Field across the gap is quasi-electrostatic

5. Within the core electrostatic & inductive voltages cancel

a) The structure is at ground potential
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Current flow in the induction core

, 

V·  = B ·A

iL

A

Ibeam

idrive
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Realistic cross-section of a
small induction cell

zcell



US Particle Accelerator School

What is the equivalent circuit

+

-
Vpulser

Lcore

Ileakage

Other

losses

Ibeam
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Characteristics of coaxial transmission lines
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Volt-seconds, gradient (G) & inner
radius set the induction core size

B

H
B

-B r

Bs

Core hysteresis loop

iL =
V

L
c

t

Leakage current magnetizes core

ro = ri +
GTp / f pack

B

Core volume = 2 A(ro+ri)

, 

iL

A

Ibeam

V·  = B ·A ==>
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Distribution of voltages in induction core
(no local saturation)
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Voltage & leakage current
behavior at saturation

IL =
1

L
Va dt < 0.2Ibeam

L =
μ

2
zcell ln

ro

ri

core loss =
μ

GTp
2 ln

ro

ri
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Hysteresis losses in induction cell

State 1 => State 2: Drive

State 2 => State 1: Reset

Area = Hysteresis loss

1

2
/ o ~1
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Core losses for amorphous materials
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Resetting the cores

Before the core can be pulsed again it must be reset to -Br

Properties of the reset circuit

Achieve V t product > Br+Bs

Supply unidirectional reverse current through the axis of the core

Have high voltage isolation so that the reset circuit does not absorb

energy during the drive voltage pulse

• Depends on the type of pulse forming line used in primary circuit
B

H

B

-B r

B
s

Core hysteresis loop
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ETA-II Cell Modification

17

Metglass 

replacement core
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The RTA Injector (1 MeV, 1 KA, 375 ns)

14
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Double 200 kV, 1.6 s DARHT cell is of the
scale needed for HIF
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Looking deeper: Cells with large volt-
seconds are not simple to engineer
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Why HIF Chose Induction

Induction linacs handle high currents naturally.

Beam

d

h

lCore

=

I ld
B

I ld
B

+ w ld(2h +d)
Efficiency 

Core volumeVoltage
across
gap Loss function (frequency dependent)

LIA =
I B

I B +w (2h +d)

Efficiency increases as current increases

 ==> Multiple beams within single induction core
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Schematic of induction linac power system
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A brief word about instabilities
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Beam breakup mode is driven
by large currents

Off axis beam entering accelerator gap excites dipole

(M=1) TM

Mode has an Ez that can extract energy from the beam

Mode has a transverse B that gives the beam an oscillating

transverse impulse

Oscillating transverse impulse develops into transverse

displacement in Bz field between gaps

Beam enters next gap with a larger displacement than at

previous gap-thus displacement grows
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Misalignment and energy sweep lead to
“corkscrew” increase in emittance
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Bunch compression

&

Progress in HIF beam physics
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Within accelerator, average induction pulse ~300 ns

Target requires pulse duration of  ~10 ns

Multiple

Ion 

Source/ 

Injectors

Multiple-Beam Acceleration Drift compression

Bending Final

focusing

Chamber

transport

   1.6 MeV

   0.87 A/beam
   30 μs

   112 beams

2.5 GeV Xe+1

130 A/beam

200 ns

2.5 GeV

3.3kA/beam

8 ns

Relative beam bunch length at end of:             injection

acceleration

drift compression

Common

Induction Cores 24,000 tons

2 km 400 m

Bunch length compression is integral
part of HIF concept
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How much is emittance degraded from source

to target? how is coupling  to targets affected?

Random acceleration and
focusing field errors

Chamber

and target

plasma

interactions,

instabilities,

dE/dx- ion

stopping

Source and injector Accelerator
Final Focus

BGL 6/13/01

Drift compression 

Beam mismatches

Beam loss- halos, gas desorption,

neutralizing secondary electrons

pz - momentum

spread increase

with drift

compression
Issues that can affect beam

focusability-emittance and

brightness Issues that can affect

beam-target coupling
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Recent VNL experiments addressed key
issues affecting beam brightness

Neutralized

Transport

Experiment

(NTX)

High

Current

Experiment

(HCX)

Source-

Injector

test

facility

(STS)
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High Current Experiment (HCX) studies
high current transport

ESQ injector

Marx

matching

10 ES quads

diagnostics

diagnostics

Transport: aperture limits, electrons, gas effects, halo formation, steering
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HCX experimental results

1 MeV K+ on SS target, baked overnight & run at 220 C (1-8-03)
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Neutralized Transport Experiment (NTX)

tests focusing & compression

Focusing: aberration control, plasma control techniques and diagnostics

Focal spot images

with plasma
without plasma
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Neutralized Transport Experiment (NTX):

final focus with plasma neutralization
PPPL ECR plasma source

BGL 6/13/01

NTX gun current = 80mA @ 0.4 MeV very

Measured emittance N  0.1  mm-mr.

K+ e-

Simulations predict 99% neutralization
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Bunch compression on NTX
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Source-Injector test facility (STS)

80 kV, 1.9 mT
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Injector Brightness:

source brightness,

aberration control with

apertures,

beamlet merging effects
3-D simulation of multiple beamlets
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